Introduction
. B leaching h erb i cides like am itrole and SAN 6706 p rim a rily interfere w ith the biosynthesis o f caro ten o id s [ 5 -9 ] , P h o to system II and bleaching h erbicides are therefore very useful tools for th e investigation o f th e developm ent o f the thylakoid m e m b ran e and its constituents.
It is well know n th a t the co m b in ed action o f the light harvesting pigm ents and the electron transport chain is m ost im p o rta n t for th e p erform ance o f photosynthesis. T his strong in teractio n o f the p ig m ent protein com plexes, th e p h o to sy n th etic reaction centers and the electron tran sp o rt ch a in has been dem onstrated extensively by several g ro u p s [1 0 - 1 2 ] . T herefore any change in the o rg an izatio n o f the elec tron transport com ponents o r th e o rien tatio n o f the chlorophyll and caro ten o id proteins in th e thylakoid m em b ran e m ay induce d rastic alteratio n s in the a b sorption o f sun light, th e transfer o f th e absorbed energy from the light harvesting pigm ents to the photosynthetic reaction centers and the conservation o f energy in the electron transport.
In this com m unication the effect o f the bleaching herbicides SAN 6706 and am itro le and th e p h o to system II herbicides D C M U and b entazon on the form ation o f subthylakoid particles was stu d ied by using SD S-polyacrylam ide gel electrophoresis. T he ability o f the developed plastid to abso rb light and to transfer the absorbed energy was investigated by recording absorption and fluorescence em ission and excitation snectra. T he consequences o f the h e rb i cide effect on the pig m en t p ro tein co m p o sitio n o f the thylakoid m em b ran e and the ca p ab ility o f the plastid to perform photosynthesis will be discussed.
Materials and Methods

Cultivation o f plants
R adish seedlings (R aphanus sativus L., cv. Saxa T reib) were grow n for six days in co n tin u o u s w hite light (fluorescent lam ps: O SR A M 'F lu o ra ' 65 W / 77 R, 2000 lux, 7.5 Jm~2 s-1) on tap w ater at 21 ± 2 °C 
Absorption and fluorescence spectra
Pigm ents w ere extracted from the cotyledons u s ing cold acetone and transfered into light petrol. T h e absorption spectra were m easured using dieth y l ether as solvent. F luorescence em ission and exci tation spectra o f the cotyledons w ere d e term in e d at room tem perature d uring the steady state p erio d o f the fluorescence induction kinetic. D u rin g th e m easurem ent all spectra w ere au to m atica lly co r rected for changes in the intensity o f the excitatio n light.
SD S-Polyacrylam ide gel electrophoresis (SD S-P A G E )
SD S-PA G E o f SDS solubilized th y lak o id s was carried out according to H rkal [13] . T h e cotyledons were grinded in an isolation b u ffer (T ab le I). A fter filtration through a nylon cloth th e plastid s w ere isolated by centrifugation for 10 m in at 1500 x g, re suspended in destilled w ater and recentrifuged for 20 m in at 6000 x g. A liquots o f the thy lak o id s w ere m ixed w ith a solubilization b u ffer (T ab le I) an d in cubated w ith SDS for 3 to 4 m in at 4 0 C. SD S w as added to the thylakoids o f the h erb ic id e trea ted plants in the sam e concentration as to th e th y lak o id s o f the untreated plants (chlo ro p h y ll/S D S = 1/40 w / w, final concentration: 0.6% SD S). E lectrophoresis was carried out in glass tubes (0.4 x 12 cm ) c o n ta in ing a 11.85% polyacrylam ide se p aratio n gel and a 4.9% polyacrylam ide stacking gel using a vertical separation system (D E S A G A 'H a v a n a '). G els and buffers w ere prepared as d escribed in T ab le I. In th e beginning o f electrophoresis the cu rren t was set to 1 mA per tube. W hen the particles h ad passed the stacking gel, the sep aratio n o f the thylakoid su b particles was perform ed by increasing the cu rren t to 2 mA per tube. Plastid isolation, so lu b iliz atio n and SD S-PA G E w ere carried ou t at 4 °C . A fter th e ir se p aration the pigm ent-protein com plexes w ere lo cal ized using a scanning den sito m eter (R F T , M odel 2950) by m easuring the abso rp tio n at 663 nm (log transm ittance m ode).
The presented ab so rp tio n and fluorescence spectra as well as the p attern o f the p ig m en t-p ro tein co m plexes o f the S D S -solubilized th y lak o id m em b ran es are representatives o f six replications from th ree to five independent cultivations.
Results
Pigm ent absorption spectra
The 6-day-old rad ish seedlings show ed m o r phological differences betw een h erb icid e treated and untreated plants. C otyledons from seedlings th a t were grown in the presence o f D C M U or ben tazo n w ere green and exh ib ited the sam e ch aracteristics in th eir pigm ent ab so rp tio n spectra as u n treated plants. T here was a m ain ab so rp tio n m ax im u m at 428 and at 660 nm and a m in o r one at 448 nm ( Fig. 1 ).
C otyledons from rad ish th a t was grow n u n d er n o r m al greening conditions (2000 lux) in the presence o f high concentrations o f am itro le looked yellow. T he absorption m ax im a o f th e p ig m en t extract lay at 438, 467, 498 and 660 nm , w ith the 660 nm p eak b e ing decreased co m p aired to the controls. Tw o a d ditional ab so rp tio n m ax im a ap p e ared in th e U V re gion at 344 and 364 nm (Fig. 2) . A fter grow th u n d er light o f low intensity (100 lux) the am itro le treated seedlings looked green b u t th e p ig m en t ab so rp tio n spectrum was sim ilar to th a t after am itro le trea tm e n t at 2000 lux, w ith tw o m ax im a in th e blu e slightly shifted (Fig. 2) .
Cotyledons from plants th a t w ere grow n in the presence o f SAN 6706 w ere green w hen grow n at 100 lux, b u t rath e r w hite w hen grow n at 2000 lux. SAN 6706 did not affect the pig m en t ab so rp tio n spectra o f the plants illu m in ated w ith low intensity light, w hereas after cu ltiv atio n at 2000 lux a b sorption m axim a at 415, 435 and 466 nm ap p e ared and the ab sorption at 660 nm was strongly decreased (Fig. 3) .
Both am itrole and SA N 6706 drastically change the pigm ent p attern o f the plants. T his is show n by the changed ab so rp tio n ratios A 470A4 660 and A 448/A 660 (T ab le II).
Fluorescence emission spectra o f the cotyledons
A t room te m p eratu re the in vivo fluorescence em ission spectra (Fig. 4) 
Fluorescence excitation spectra o f the cotyledons
A t room tem p eratu re the fluorescence excitatio n spectra (Fig. 5 ) o f cotyledons from u n trea ted plants are characterized by a p ro m in e n t p ea k at 470 nm , a small shoulder at 483 nm and b ro a d e r sh o u ld ers at 440 and 420 nm. T h e fluorescence excitatio n spectra o f D C M U and bentazon trea ted seedlings d id n ot differ from those o f the u n trea ted plants. T his was also found w ith the cotyledons from rad ish grow n in the presence o f am itro le u n d er low intensity lig h t (100 lux). In plants th a t w ere grow n u n d er lig h t o f higher intensity (2000 lux) in the presence o f a m i trole or under low intensity light in th e presence o f SAN 6706 a short w avelength b an d at 440 nm a p peared in add itio n to th a t at 470 nm . T h e fluo res cence of cotyledons from SA N 6706 trea ted plants grown at 2000 lux (w hite cotyledons) could not be detected.
SD S-P A G E o f SD S-solubilized thylakoids
A fter SD S-PA G E sep aratio n o f S D S -so lu b ilized thylakoids the following p ig m en t-p ro tein com plexes were detectable (Fig. 6 ): (start) C P la , C P I, L H C P 1 , LH CP2, CPa, LH CP3, free pigm ents (front) [10] . All herbicides assayed changed the p ig m e n t-p ro tein com plex com position ( Fig. 6 and T able III), b u t no new com plex could be detected. T hylakoids iso lated from D C M U treated plants w ere enriched in L H C P1 -------------------------------------------------------------------------------------------------------- in the presence o f SA N 6706. T his effect occured predom inantly afte r cultiv atio n at 2000 lux b u t also at 100 lux. G el scans o f SD S -solubilized thylakoids o f SAN 6706 treated plants grow n at hig h er light in tensity could only be o b ta in ed from plants w hich still contained trace am o u n ts o f pigm ents. In th y lakoids th a t developed u n d er low intensity light SAN 6706 suppressed th e form atio n o f C P Ia and LH CP3 b u t relatively enhanced the content o f CPa. U nder light o f h ig h er intensity, a p a rt from the free pigm ents, m ainly L H C P 3 b u t also C P I w ere found in reasonable am ounts.
Discussion
T he ap plication o f th e photosystem II inhibitors D C M U [1 ,2 ] and b entazon [3, 4] durin g grow th o f radish seedlings d id n o t affect plant h ab itu s and the absorption spectrum o f the extracted pigm ents (Fig. 1) , although in these plants photosynthesis was blocked as could be dem o n strated by the absence o f the variable fluorescence (K autsky effect) [5, 14] . Both herbicides induced a decline o f the 740 nm long w avelength fluorescence band as co m pared to th e controls (Fig. 4) . S im ilar em ission spectra as o b tained from D C M U and bentazon treated plants were also found d u rin g greening in younger seed lings th at w ere not fully developed [15] . T he d ecreas ed 740 nm fluorescence em ission m ay be an in d i cation for (a) a sm aller am o u n t o f long w avelength chlorophyll form s (photosystem I [16] ) or (b) an d i m inished energy tran sfer to these chlorophylls w hich w ould result in a h ig h e r fluorescence em itted by the short w avelength chlorophyll form s (photosystem II, light harvesting chlorophyll a /b -protein com plex [16] ).
T he fluorescence excitation spectra w ere u n affect ed by D C M U and b entazon (Fig. 5) supporting th at the transfer o f energy from ^-caro ten e or chlorophyll b to chlorophyll a [17] is not influenced by the h e rb i cide treatm ent. B esides th e effect on fluorescence em ission, D C M U and bentazon changed the co m po sition o f the p ig m en t-p ro tein com plexes (Fig. 6 , T able III). U nder the influence o f D C M U m ainly less photosystem II com plex (C P a [18] ) was form ed, w hereas bentazon p red o m in an tly reduced the fo rm a tion o f photosystem I com plexes C P Ia and C P I [19] . A lthough D C M U and bentazon in h ib it the p h o to synthetic electron tran sp o rt at the oxidizing side o f the plastoquinone pool [ 1 -4 ] th e m a in effect on the form ation o f p ig m en t-p ro tein com plexes w as co m pletely different (T ab le IV). T h is in d icates th a t the inhibition o f photosynthesis is n o t p rim a rily involv ed in the changes o f th e fo rm a tio n o f p ig m en t-p rotein com plexes b u t ra th e r changes in th e p ig m en t concentration (for bentazon: [20 -22] ). T h e slight in crease o f the L H C P3 induced by b en tazo n tre a tm e n t m ay be explained by an en h an ced fo rm a tio n o f grana stacks [22] . A co rrelatio n betw een g ran a stack ing and L H C P fo rm atio n has b een suggested [23-251. D uring cultivation at 2000 lux th e b leach in g herbicides am itrole and SAN 6706 ch an g ed th e p ig m ent com position as can be seen from th e a b sorption ratios caro ten o id s/ch lo ro p h y ll a (A 4 7 0 / A 660) and chlorophyll 6 /c h lo ro p h y ll a (A 4 4 8 / A 660) (T able II). In am itro le trea ted p lan ts less ch lo rophyll is contained, the ca ro ten o id bio sy n th esis is inhibited and lycopene and p h y to flu en e are ac cum ulated [7, 9] , T his can be seen in th e ab so rp tio n spectra o f the pig m en t extract as a d eclin e o f the chlorophyll a peak (660 nm ) an d th e ap p e a ra n c e o f m axim a in the b lu e (lycopene) and th e U V region (phytofluene).
In SAN treated plants th e p ig m en t co m p o sitio n was not affected w hen the plants w ere grow n at 100 lux, b u t after cu ltiv atio n a t 2000 lux (alm o st) no chlorophylls and only traces o f ca ro ten o id s w ere found (Fig. 3) . T his m ay be ex p lain ed by th e in h i bition o f carotenoid biosynthesis w hich lead s to the bleaching o f chlorophylls in lig h t o f h ig h e r intensity [6, 26] , A lthough bleaching h erb icid es strongly affect p ig m ent accum ulation, p hotosynthesis w as still d etect able as long as pigm ents w ere p resen t [5] . L ik e after application o f D C M U and b entazon, th e fluores cence em ission spectra o f leaves from am itro le or SAN 6706 treated plants show ed a d ecreased 740 nm long w avelength b an d (Fig. 4) . H ere ag ain th e long w avelength chlorophyll form s w ere ac cu m u lated in sm aller am ounts o r received less energy from the short w avelength chlorophyll form s as can be ex pected from greening leaves o f n ot yet fully d evel oped plants w hich ex h ib it sim ila r fluorescence em ission spectra [15] . In am itro le trea ted p lan ts this effect on fluorescence em ission was m ost p ro n o u n c ed after growth at 2000 lux. S eedlings grow n in the presence o f SA N 6706 show ed alread y a very low 740 nm em ission w hen cu ltiv ated at 100 lux; in the w hite cotyledons o f SAN 6706 trea ted plants grow n at 2000 lux no fluorescence was detectable.
A decrease o f the long w avelength fluorescence m axim um was also described for chloroplasts o f SAN 9789 treated w heat [27] , B ut the rep o rted co n com ittant shift o f the fluorescence b an d from 740 to 720 nm could not be detected in o u r SA N 6706 tre a t ed plants.
T he fluorescence excitation spectra o f am itro le treated plants grow n in w eak light resem ble those o f the controls dem onstrating th a t the energy tran sfer to chlorophyll a is not affected. A p p lic atio n o f am itro le in stronger light (2000 lux) or o f SAN 6706 in w eak light (100 lux) reduced the energy tran sfe r from chlorophyll b to chlorophyll a (Fig. 5) . T his is evi dent from the decrease o f the 470 nm (chlorophyll b [17] ) m axim um . T h e increased fluorescence exci tation at 440 nm reflects the d irec t excitation o f ch lo rophyll a. Like for the fluorescence em ission th e excitation spectra o f the h erb ic id e trea ted plants w ith peaks at 440 and 470 nm resem ble those o f a greening but not yet fully developed le a f [15] .
D uring grow th u n d er w eak light am itro le reduced the form ation o f the photosystem I com plexes whereas w ith SAN 6706 the am o u n t o f C P I a and LH CP3 was d im inished (Fig. 6 , T ab le III). O b viously the lack o f L H C P3 affects the fluorescence characteristics m ore drastically th a n a reduced am ount o f photosystem I and II com plexes because fluorescence spectra show ed stronger changes after SAN 6706 than after am itro le treatm en t. T h e o b servation that in SA N treated plants only one p ig m ent-protein com plex rem ain ed [27] could n ot be confirm ed by our investigations.
The high am ounts o f free pigm ents afte r SD S-PA G E o f thylakoids from am itro le an d SA N 6706 treated plants grown at 2000 lux in d ic ate th a t th e pigm ent containing m em branes are ra th e r u n stab le because free pigm ents are rep o rted to a p p e a r only during solubilization w ith SDS [28] , T h a t th e b le a c h ing effect o f SAN 6706 and am itro le is only ex pressed under light o f higher intensities an d n ot u n d er weak light [6, 9, 26] or in total d ark n ess [8] has already been reported.
All herbicides tested m ainly reduce th e fo rm a tio n o f the antenna systems o f photosystem I an d II. Ex cept for D C M U , photosystem I is th e p rim a ry targ et for the herbicide action (T able IV). T h is is co n sistan t w ith the data recently rep o rted by R id ley [29] . T h e form ation o f the light harvesting ch lo ro p h y ll a / 6-protein com plexes was reduced only by th e bleaching herbicides. T he effect o f th e h erb ic id es on the form ation o f p ig m en t-p ro tein com plexes and in addition on chlorophyll and ca ro ten o id ac cu m u lation m ay disturb the tran sfer o f energy in th e a n tenna sim ilar as it is established for y o ung d ev e lo p ing leaves. W hile in greening leaves o f u n trea ted plants fully functioning thylakoid m e m b ran es will be form ed in the herbicide treated p lan ts any fu rth e r developm ent is suppressed.
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